ABSTRACT: Chemical exchange saturation transfer (CEST) provides sensitive magnetic resonance (MR) contrast for probing dilute compounds via exchangeable protons, serving as an emerging molecular imaging methodology. CEST Z-spectrum is often acquired by sweeping radiofrequency saturation around bulk water resonance, offset by offset, to detect CEST effects at characteristic chemical shift offsets, which requires prolonged acquisition time. Herein, combining high-resolution magic angle spinning (HRMAS) with concurrent application of gradient and rf saturation to achieve fast Z-spectral acquisition, we demonstrated the feasibility of fast quantitative HRMAS CEST Z-spectroscopy. The concept was validated with phantoms, which showed excellent agreement with results obtained from conventional HRMAS MR spectroscopy (MRS). We further utilized the HRMAS Z-spectroscopy for fast ex vivo quantification of ischemic injury with rodent brain tissues after ischemic stroke. This method allows rapid and quantitative CEST characterization of biological tissues and shows potential for a host of biomedical applications. M agnetic resonance (MR) techniques are versatile for determining the chemical properties of compounds, for characterizing biological tissues, and for imaging of the human body and organs. Specifically, MR spectroscopy (MRS) characterizes chemical compositions and metabolic changes in a host of pathologies.
M agnetic resonance (MR) techniques are versatile for determining the chemical properties of compounds, for characterizing biological tissues, and for imaging of the human body and organs. Specifically, MR spectroscopy (MRS) characterizes chemical compositions and metabolic changes in a host of pathologies. 1−3 However, routine MRS is susceptible to the signal overlapping due to complex tissue composition, the line shape distortion caused by field inhomogeneity, and the sensible signal line broadening resulting from the overall low mobility of the tissue components, which limit metabolite detection and assignments. 4 High-resolution magic angle spinning (HRMAS) MRS can reduce the line broadening due to dipole−dipole interactions and susceptibility differences within the sample and has demonstrated particular usefulness for studying biological tissues. 5−7 With the typical sensitivity on the order of millimoles, MRS is limited in detecting the generally low concentration of metabolites in biological tissues. 8, 9 In addition, MRS quantification often presents as ratios to a reference metabolite, which may also change under pathological conditions. 9 Recently, chemical exchange saturation transfer magnetic resonance imaging (CEST MRI) has demonstrated its utility for measuring a family of compounds (i.e., proteins/peptides/ metabolites) that possess exchangeable protons capable of interacting with bulk water protons. 10 Reported results include studies on creatine, 11, 12 glucose, 13,14 and glutamate, 15, 16 as well as microenvironment properties such as temperature 17 and pH. 18−21 In brief, exchangeable proton groups in these dilute compounds can be selectively saturated by applying a radiofrequency (rf) pulse at their characteristic frequencies, and the saturated labile proton signal is transferred to the bulk water through chemical exchange, resulting in substantial sensitivity gain for measuring dilute compounds shown in the Z-spectrum.
Z-spectroscopy is often achieved by sweeping rf saturation around the bulk water resonance, offset by offset, which requires prolonged acquisition time 22 ( Figure 1a) . A fast approach previously developed for studying the magnetization transfer (MT) effect 23 and NMR interactions 24−26 has been adopted recently in CEST Z-spectroscopy. 27, 28 This method simultaneously applies rf irradiation and gradient along a direction in which the sample is considered to be homogeneous (Figure 1b) . The spectral information is encoded according to their spatial coordinate along the encoding direction. A readout gradient during data acquisition resolves the spatial encoding into CEST spectral frequency. Compared to conventional CEST Z-spectroscopy, which acquires one frequency offset per repetition time (TR), this new approach substantially accelerates the acquisition by collecting all offsets from a single acquisition. The approach has been demonstrated in studies of dia-and para-magnetic CEST agents, 27−29 hyperpolarized Xenon, 30, 31 and in vivo amide proton transfer (APT) imaging of human white matter. 32 In addition to high-throughput screening of CEST contrast agents, the fast approach has great potential for fast characterization of biological tissues. In this study, to translate Z-spectroscopy to study biological tissues, we combined fast Z-spectroscopy with intact tissue HRMAS MRS, and developed fast tissue HRMAS Z-spectroscopy and quantification.
We first tested the method in a gel phantom containing 30 mM creatine (Cr) on a 14.1 T Bruker AVANCE spectrometer (Bruker BioSpin, Billerica, MA). Spectra were acquired at 4°C at a spinning rate of 3600 Hz. Instead of FID, 27, 28 we collected a spin−echo signal to improve its signal-to-noise ratio. The spectrum acquired without saturation measures the 1D projection of the sample (Figure 2a , top). Z-spectra were derived by normalizing the spectra acquired with rf saturation (B 1 = 1, 1.5, 2, and 3 μT; We obtained routine HRMAS MR spectra ( Figure 3a ) and fast HRMAS Z-spectra ( Figure 3b , B 1 = 1.5 μT) from a series of gel phantoms containing 10 mM choline (Cho) and varied Cr concentrations of 10, 20, 30, 40, and 50 mM. The two methods revealed major peaks of Cr at 3.0 ppm and at 1.9 ppm, respectively, and the peak increases with Cr concentration. For routine HRMAS MRS, we normalized the integral of Cr peak (3.0 ppm) by that of Cho (3.2 ppm) [Cr/Cho] to generate a relative signal intensity. CESTR at 1.9 ppm was derived for MAS CEST MRS. Figure 3c shows a strong linear correlation between Cr/Cho from conventional HRMAS (R 2 = 0.983, P = 0.001) and CESTR (R 2 = 0.995, P = 0.0001) with Cr concentration, indicating that fast HRMAS Z-spectroscopy is in excellent agreement with routine HRMAS MRS (also see the CEST contrast estimated using Lorentzian decomposition in Figure S1 ).
We further tested the MAS CEST MRS method with ex vivo brain tissue samples from normal reference and ischemic lesion of a rodent stroke model (Figure 4) . The Z-spectra show distinct CEST effects at multiple frequency offsets, such as 4.7, 3.5, 2, −2.5, and −3.5 ppm. Importantly, pronounced contrast was observed between the spectra of normal and lesion tissues. Because CEST signal in biological tissues is complicated due to contributions from multiple sources such as amide and amine protons downfield from water, 33 together with semisolid magnetization transfer (MT) asymmetry 34 and aliphatic nuclear Overhauser enhancement (NOE) 35 located predominantly in Figure 1 . Pulse sequences for (a) routine CEST Z-spectroscopy and (b) fast HRMAS CEST Z-spectroscopy. Routine Z-spectroscopy repeats the saturation experiment per frequency offset. Fast HRMAS CEST spectroscopy utilizes gradient and rf encoding to accelerate the CEST encoding. G1 is a gradient applied during saturation to encode frequency offsets. G2 is a padding gradient applied to the formation of spin echo. G3 is a gradient applied during acquisition. the upfield of Z-spectrum, it is critical to identify the CEST effects corresponding to specific solute pools. Previously, analytical studies confirmed that individual CEST effect and MT effect can be approximated by a Lorentzian line shape in a Z-spectrum if the modeling focuses on the range close to the water peak and the saturation power is relatively low. 22, 36, 37 Indeed, multiple Lorentzian fitting of the Zspectrum at low irradiation powers has been increasingly used for quantitative assessment of CEST effects in living tissues.
11,36−40 Here, we fitted the Z-spectrum with a multipool Lorentzian model consisting of direct water saturation (spillover) at 0 ppm, macromolecular MT effect, and multiple CEST pools at 3.5 ppm (amide), 2 ppm (amine), 1 ppm (hydroxyl), and −3.5 ppm (NOE). Because of good spectral resolution at high field, we also included Lorentzian functions centered at 4.7, 2.8, −1.25, and −2.5 ppm, which showed distinguishable CEST effects. Figure 5a shows the multiLorentzian decomposition of a representative HRMAS Zspectrum (B 1 = 1 μT) from normal brain tissue (see Figure S2 for distinct CEST peaks after subtracting fitted water and MT from the Z-spectrum). The residuals between the sum of the fitted peaks and the original data were less than 1% (also see Anal. Chem. XXXX, XXX, XXX−XXX Figure S3 for fitting quality of HRMAS Z-spectra at the other power levels and ischemic tissue). The goodness of fit (R 2 ) was above 0.99 for all the Z-spectra. Figure 5b compares the amplitudes of fitted CEST peaks from normal and ischemic tissue samples. Significant differences were found at frequency offsets of 3.5 ppm, 2 ppm, and −3.5 ppm in addition to MT. The CEST effect at 3.5 ppm corresponds to the amide protons, which are often considered from intracellular mobile proteins and peptides and are pH sensitive. 18, 20 The reduced CEST effect at 3.5 ppm is likely attributable to acidosis. We also observed decreased CEST effect at 2 ppm, which is associated with amine protons. 37, 41 This may be caused by the fact that reduced pH can slow amine proton exchange and make it more visible by CEST MRS. 42, 43 We also found significant decreases in the NOE effects in stroke brain, consistent with previous reports. 44 The NOE effects are generally considered to originate from mobile macromolecules, lipids, and restricted metabolites through cross relaxation, which could potentially be exploited as an informative index. The macromolecular MT is slightly asymmetric relative to the water resonance, making it difficult to eliminate using conventional asymmetry analysis. 18, 35 Multipool fitting results show noticeable decrease in MT in the ischemic tissue, consistent with findings from MT imaging. 36, 45, 46 We also observed new CEST effects at multiple other offsets, for example 4.7 ppm and −2.5 ppm, the source of their origins are not clear. This will be explored in the future.
Our study validated the fast quantitative HRMAS CEST Zspectroscopy in ischemic tissue characterization. Significant changes in the CEST effects of amide, amine protons, as well as the NOE and MT effects were observed. The experimentally measurable CEST effect depends not only on parameters such as labile proton concentration, pH, and temperature but also on relaxation rates. In the ischemic tissue samples, significantly increased longitudinal relaxation time T 1 and transverse relaxation time T 2 were found (Table S1 ). The T 2 change comes into play through the concomitant rf spillover effect and is accounted for by fitting the direct water saturation in this study. The strong T 1 dependence of CEST effects can be accounted for by normalizing the CEST effect to the measured T 1 . 36, 47 Indeed, the T 1 correction led to stronger CEST contrasts at the frequency offsets, showing significant changes in ischemic tissue, and revealed significant differences at the offsets of 4.7, 2.8, and 1 ppm that were not detected without correction ( Figure S2 ).
The conventional MRS for biological tissue analysis is highly dependent on the performance of water suppression. HRMAS Z-spectroscopy exploits CEST contrast to investigate the interaction between labile protons and protons in tissue water, and thus no water suppression is required. In addition, the CEST effect is self-normalized to the bulk tissue water and no additional spectral normalization is needed. Compared to conventional Z-spectral acquisition, this fast approach reduces the total acquisition to two scans, equivalent to an acceleration of 64 times (for a Z-spectrum with 128 frequency offsets). Given the Z-spectra acquired using the fast and conventional methods are almost identical, 27, 28 we did not collect the conventional Z-spectroscopy. Relatively fast spinning rates were used to avoid potential contamination from spinning sidebands (SSB) in the spectra. Given that the use of low/moderate rotational rates is preferred for biological samples to preserve the structural integrity and to minimize intercompartmental leaks of metabolites, further experiments with optimized sample preparation, 48 ,49 efficient SSB suppression schemes, 50 and postprocessing methods are needed to obtain SSB-free HRMAS Z-spectrum at slow spinning rates. In summary, fast tissue characterization using HRMAS CEST Z-spectroscopy can document valuable metabolic information, which augments conventional MRS. In addition, this speedup allows rapid quantification of multipool CEST effects, monitor dynamic changes such as temperature, and high-throughput screening of new CEST contrast agents. 
